In the developed world, cytomegalovirus (CMV) is the most common congenital viral infection, with an overall birth prevalence of 0.6% [1] . Approximately 10% of congenitally infected infants have signs and symptoms of disease at birth, and these symptomatic infants have been reported to have a 40%-90% risk of subsequent neurologic sequelae, including mental retardation, microcephaly, development delay, seizure disorders, and cerebral palsy [2] [3] [4] . Seven percent -to 20% of asymptomatically infected newborns will also demonstrate sequelae, particularly sensorineural hearing loss [5] [6] [7] . The public health impact of congenital CMV infection is substantial and underrecognized; although more children suffer from long-term neurodevelopmental handicaps as a result of congenital CMV infection than either Down syndrome or fetal alcohol syndrome [8] , awareness unfortunately remains low, particularly among women of childbearing age [9, 10] . An effective vaccine could, by preventing neurological sequelae and other disabilities, provide a newborn with a lifetime of benefit. For that reason, a report from the Institute of Medicine (IOM) of the National Academy of Sciences placed CMV in its highest priority category for vaccine development, concluding that a vaccine would be strongly cost saving [11, 12] .
Among the various CMV vaccine candidates currently in clinical trials [13] , the most encouraging results to date have been observed in studies of a vaccine based on the immunodominant envelope glycoprotein B (gB). Several clinical trials have been performed using a recombinant form of this protein expressed in Chinese hamster ovary cells, purified and combined with an oil-in-water adjuvant known as MF59 [14] [15] [16] [17] . Pass et al recently reported the results of a seminal phase II efficacy trial of the gB-MF59 vaccine conducted at the University of Alabama, Birmingham. This trial was undertaken in adolescent and young adult women. The study population was remarkable for being at a particularly high risk for acquisition of a primary CMV infection, with an annualized seroconversion rate noted in previous studies of 7.8% [18] . This study was a randomized, double-blind, placebo-controlled clinical trial in seronegative women, recruited from post-partum units. A substantial proportion (.20%) had a toddler (age, 13-36 months) at home, who could potentially serve as a vector for acquisition of CMV in at least some instances of primary infection. Vaccine (20 micrograms of gB admixed with MF59 adjuvant) or placebo was administered according to a 0-, 1-, and 6-month schedule [19] . The primary endpoint reported in this study was the time to primary CMV infection, documented by seroconversion to non-gB CMV antigens, using an IgG assay from which the gB-specific antibodies had been removed [20] . An overall efficacy of 50% (95% confidence interval, 7%-73%) for prevention of CMV infection was observed. This exciting result suggested that a gB vaccine may be able to prevent primary infection and, by definition, congenital CMV transmission in young women.
Given the encouraging results observed in this phase II study, is a solution close at hand for the prevention of congenital CMV infection? Unfortunately, the answer right now appears to be ''no.'' A growing body of evidence has identified previously unanticipated challenges in conceptualizing the ideal patient population for implementation of a vaccine against congenital CMV infection. This is because it has become clear that congenital CMV infection can occur not only as the result of a primary or reactivated maternal infection, but also as a result of reinfection with a new strain of virus in a woman who has preexisting immunity. Although the IOM modeled a hypothetical CMV vaccine that would target seronegative adolescents, based on the premise that most symptomatic and disabling disease occurred in the infant infected in utero in the context of a primary maternal infection, it is now clear that nonprimary maternal infections account for most of the disease burden associated with congenital CMV infection. Indeed, a number of recent studies have described fetal CMV transmission in women with preconception immunity, occurring as the result of reinfection with new strains of CMV [21] [22] [23] [24] [25] [26] . Such infections can produce sequelae identical to those observed in congenitally infected infants born to women who acquire a primary CMV infection during pregnancy. The inability of ''natural'' infection to prevent reinfection has been modeled in revealing fashion in an experimental rhesus macaque system. The lack of protective long-term immunity has been attributed in the rhesus macaque model to the expression of virally encoded genes that facilitate evasion of the protective T-cell response, through interference with the MHC class I pathway of antigen presentation [27] . These observations have greatly complicated CMV vaccine design and suggest that (1) for full protection, a CMV vaccine may need to enhance responses superior to those conferred by natural immunity, and (2) there may be a strong rationale for vaccinating women of childbearing age who are already CMV seropositive, toward the goal of preventing reinfection with subsequent transmission of the new strain.
To deal with the problem of CMV reinfection, it is reasonable to ask, given the success of gB vaccine trials performed to date, whether therapeutic vaccination of seropositive individuals can augment the imperfect immunity conferred by natural infection. An innovative and intriguing study by Sabbaj et al [28] published in this issue of the Journal addresses this issue. Sabbaj and colleagues discovered that the gB-MF59 vaccine does indeed have the potential to boost immune responses in individuals who were already CMV seropositive. In this study, 120 CMV-seropositive women (age, 14-40 years) received a 3dose series of gB-MF59 vaccine, with use of the same 0-, 1-, and 6-month schedule described by Pass et al [19] in the efficacy study in seronegative persons. Notably, both CMV-specific antibody (enzyme-linked immunosorbent assay [ELISA] and neutralizing titer) and CD4 1 T-cell responses were significantly boosted. Remarkably, after a single dose of vaccine, the geometric mean gB ELI-SA titers were boosted by 5-fold and neutralizing titers augmented by nearly 4-fold. Intracellular cytokine staining for IFN-c also demonstrated significant boosting of this response. In addition, the population of gB-specific cells induced by vaccination was shown to be of a long-lived memory phenotype, based on analysis of CD127 high expression.
Although waning immunity over time appeared to be a concern (as it was in the prior efficacy study in seronegatives), differences between vaccine and placebo recipients were still noted as far out as 360 days of follow-up evaluation. That the boosting was attributable to gB vaccination was convincingly demonstrated by the absence of any boost in response to another nonvaccine CMV protein, pp65.
The demonstration that antibody and T-cell responses could be augmented in an individual already chronically infected with CMV may have implications for the ultimate utilization of a CMV vaccine in the clinic. The commonly held view among primary care providers that only those women who contract a primary CMV infection during pregnancy will give birth to a baby that suffers CMV-related injury is no longer correct in light of the emerging data on reinfection and transmission in pregnancy. It may prove that a CMV vaccine may be valuable, and should be offered, to all women considering pregnancy, irrespective of prepregnancy serostatus. Because 75% of congenital CMV infections in the United States result from recurrent infections among pregnant women [29] , the data presented by Sabbaj and colleagues in this study may have important implications for preventing CMV reinfection and subsequent congenital transmission in both nonimmune and immune women. Even in CMV-seropositive young women, recent evidence indicates that viruria and viremia are common [30] , and the reservoir for reinfection appears extensive, potentiated not only by exposure to infectious secretions of young children, but also through sexual transmission. The fact that preexisting immunity to CMV may not alter shedding patterns or prevent reinfection after exposure to new strains is sobering for those who would seek to ultimately control congenital CMV infection through immunization. In this context, the report of Sabbaj et al is of potentially great significance. If recombinant gB vaccine prevents reinfection, perhaps by augmenting neutralizing titers and/or CD4 1 responses above levels observed after primary or recurrent infection, the majority of cases of disabling congenital CMV infections could possibly be prevented by a universal vaccination policy in adolescence. It will be of tremendous interest to examine whether serum samples from persons vaccinated with gB broadly cross-neutralize diverse CMV isolates or whether vaccination engenders a selective advantage for transmission of certain genotypes in vaccinated individuals [31] . Based on these encouraging preliminary data, a protection study examining the efficacy of gB/MF59 vaccine in preventing CMV reinfection in seropositive women (and men) seems to be warranted, and hopefully will be forthcoming.
Many important questions remain about the correlates of protective immunity to CMV and the virologic and immunologic correlates of reinfection. Is there a critical threshold of strain diversity required, perhaps in key hypervariable regions of the viral genome encoding proteins that are targets of the host immune response [32] or that play a role in immune modulation [33] , before reinfection can occur? Previous studies in which live, attenuated CMV vaccines were administered to CMVimmune subjects stand in contrast to the Sabbaj study because these vaccines, surprisingly, failed to boost immunity in the already-seropositive individual [34] . Can this apparent shortcoming be corrected, toward the goal of improved live virus vaccines that might be useful in preventing reinfection in seropositives? Or, in a broader sense, can the viral and host factors that contribute to the suboptimal immune response to CMV be elucidated, toward the goal of designing more effective live virus vaccines that protect against both primary infection and reinfection? It is conceivable that this goal might be achieved by deletion of viral immune evasion genes from a live virus vaccine candidate, and there is evidence from animal models of CMV infection that this is feasible [35, 36] . Until such live vaccines pass the safety hurdles required for phase I studies, trials of gB/MF59 in CMV-seropositives should continue. In addition, other studies of ''therapeutic vaccination'' for chronic, latent and/or persistent infection merit consideration. Theses could include vaccines targeting HIV, human papillomavirus, herpes simplex virus, and the viral hepatitides B and C [37, 38] . Until an effective CMV vaccine is licensed, it will also be important to educate young women as well as primary care practitioners who care for young women, that a prepregnancy serology that demonstrates CMV seropositivity should not be misinterpreted as evidence of complete protection. Seropositive women should practice the same scrupulous hygienic precautions that seronegative women perform, because reinfection can result in vertical transmission, with neurodevelopmental sequelae. Handwashing, avoidance of infected secretions, and education will continue, for at least the near future, as the cornerstones of protection for the developing fetus.
